The gene (ppc) coding for phosphoenolpyruvate carboxylase (PEPCase) in the cyanobacterium Synechococcus PCC 7942 has been inactivated via insertional mutagenesis while being functionally complemented by Escherichia coli ppc. cyanobacterial cells functionally complemented by E. coli ppc showed decreased PEPCase activity in crude cell lysates and detergent-permeabilized whole cell assays. Decreased rates of growth, reduced levels of chlorophyll a, and decreased photosynthetic O2 evolution capacity per cell when compared to wild-type cyanobacterial cells were also observed. Phycobiliprotein levels were not affected. l h e results are discussed in terms of the impact of reduced PEPCase activity on cyanobacterial cell metabolism and the regulatory properties of the E. coli gene product.
thetase, and as such cannot regenerate OAA and has a much reduced capacity as a respiratory pathway (Stanier and Cohen-Bazire, 1977) . PEPCase is thought to replenish the pathway with carbon skeletons as the various intermediates of the incomplete cycle are removed during biosynthetic reactions (Owttrim and Colman, 1988) . PEPCase may also supply carbon for the production of cyanophycin, a nitrogen storage compound accumulated by some cyanobacteria (Weathers and Allen, 1978) .
Our understanding of the role of PEPCase activity in cyanobacterial carbon metabolism would be facilitated by the generation of PEPCase-deficient mutants. To this end, the gene encoding PEPCase ( p p c ) was isolated from the transformable, unicellular cyanobacterium Syneckococcus PCC 7942 using heterologous gene probes. A series of inactivated ppc constructs were made (Luinenburg and Coleman, 1990) by the insertion of a DNA fragment, containing a spectinomycin/streptomycin resistance cartridge flanked by transcriptional and translational stop signals (Prentki and Krisch, 1984) , into either the coding or flanking regions of the ppc gene. These plasmids, which are unable to replicate in the cyanobacterium, were then used to transform Synechococcus PCC 7942 by inducing recombination of the homologous DNA on either side of the drug resistance cassette with genomic DNA (Williams and Szalay, 1983) . Interruption of a known region of the genome with a selectable marker is possible using this system. Because cyanobacteria are polyploid, segregation during a number of subsequent divisions would be required to obtain a homogeneous population of inactivated genomes within an individual (Doolittle, 1979) .
In these initial studies, transformation of Syneckococcus PCC 7942 to inactivate the ppc coding region resulted in the formation of merodiploids, cells that contain both inactivated and wild-type copies of ppc. Insertional mutagenesis both upstream and downstream of the ppc coding region resulted in the expected homogeneous population of insertional events (Luinenburg and Coleman, 1990) . The inability to inactivate the ppc coding region suggested an absolute requirement for PEPCase in these cyanobacteria. Formation of the merodiploids is presumably the result of selection for both PEPCase activity and drug resistance.
Here we report on the ability to produce cyanobacterial PEPCase-deficient mutants by functional complementation with Esckerichia coli PEPCase. The impact of expression of the heterologous gene on PEPCase activity, growth rate, pigment levels, and O2 evolution of the cyanobacterial mutants generated in this way are also described.
MATERIALS AND METHODS

Crowth Conditions
Cultures of Synechococcus PCC 7942 were maintained on BG-11 medium (Allen, 1968) solidified with 1.0% (w/v) Bacto-agar or grown in liquid batch culture at 3OoC in an Plant Physiol. Vol. 1 01, 1993 illuminated shaker at a light intensity of 50 ME m-' s-'. Cyanobacteria transformed with the shuttle vector pCB4 (Gendel et al., 1983) were maintained on BG-11 supplemented with 1 p g mL-' ampicillin. Cyanobacteria containing the spectinomycin/streptomycin resistance cassette (Prentki and Krisch, 1984) were maintained on BG-11 supplemented with 40 pg mL-' spectinomycin. Cells for physiological and biochemical experiments were grown in rapidly aerated media containing the appropriate antibiotics under high light (200 pE m-2 s-l). These conditions were found to be optimal for rapid cell division over a wide range of cell densities. Cells were harvested in mid-log phase.
DNA Manipulations
Growth of bacteria, manipulation of shuttle vector pCB4 (Gendel et al., 1983) , radioactive labeling of nucleic acids, and Southern blot analyses were carried out as previously described (Owttrim and Coleman, 1989; Sambrook et al., 1989) . Isolation of cyanobacterial genomic DNA was performed as previously described (Golden et al., 1987) .
PEPCase Assays
The in vitro PEPCase activity of clarified cell lysates was determined by measuring the rate of PEP-dependent I4C incorporation from NaH14C03 into acid-stable products using an assay system previously described (Owttrim and Colman, 1986; Luinenburg and Coleman, 1990) . For these experiments, mid-log phase cells were harvested by centrifugation (5 min at 6000g), washed once with 50 mM Tris-HC1, pH 8.0, and recentrifuged, and the pellet was resuspended in cold extraction buffer (50 mM Tris-HC1, pH 8.0, 5 mM MgC12, 5 mM Na-glutamate, 2 mM 2-mercaptoethanol). The cell suspensions were then lysed in a prechilled French pressure cell (20,000 p s i . ) and the lysate was centrifuged at 13,OOOg for 10 min to remove unbroken cells and debris. Aliquots (50 pL) of the crude cell lysates were assayed for PEPCase activity in 50 mM Tris-HC1, pH 8.0, 5 mM MgC12, 5 mM Na-glutamate, 2 mM 2-mercaptoethanol, and 5 mM PEP. Acetyl COA (1 mM final concentration) was added to the assay medium where indicated. After a 5-min preincubation period in the assay mixture, the reaction was initiated by the addition of Na-HI4CO3 to a final concentration of 12.5 mM (specific radioactivity of 1 mCi mmol-'). The reaction was terminated at specific time points by the addition of an equal volume of 0.15 M phenylhydrazine in 4 M HC1. Samples were dried at 5OoC and resuspended in 200 pL H20, and the incorporated radioactivity was determined by liquid scintillation counting. Assays were performed at 3OoC, and the linear rate of PEPdependent I4C incorporation over a 10-min period was normalized on the basis of Chl a, total soluble protein, or cell number.
Attempts were also made to measure the activity of PEPCase in situ using cells permeabilized with the cationic detergent, mixed ATMB (Sigma Chemical Co.). Mid-log phase cells were harvested, resuspended in a small volume (400 pL) of extraction buffer containing the detergent ATMB (0.025%, w/v), and incubated for 5 min in the dark at 3OOC. The cells were then rapidly removed from the detergent solution by centrifugation (5 min at 13,OOOg) and resuspended in a small volume of assay buffer. The permeabilized cells were preincubated in the dark with saturating levels of PEP (5 mM) for 5 min at 3OoC before the reaction was initiated by the addition of NaH14C03 to a final concentration of 12.5 mM (specific radioactivity 1 Ci mol-') in a total reaction volume of 400 pL. The reaction was carried out in the dark at 3OoC, terminated by the addition of acidic phenylhydrazine at specific time points, and processed as described above.
Protein and Pigment Measurements
Total soluble protein in clarified cell lysates was determined as previously described (Bradford, 1976) . Chl a was measured spectrophotometrically in cell lysates after extraction in methano1 (MacKinney, 1941) . Phycobiliprotein content was measured spectrophotometrically in cell lysates (Tandeau de Marsac and Houmard, 1988) .
O2 Evolution Measurements
O2 evolution was measured using a thermostatted, Clarktype O2 electrode (Rank Bros. Ltd., Bottisham, Cambridge, England). Mid-log cells were resuspended in fresh BG-11 medium buffered with 25 mM Hepes, pH 8.0, at a final Chl a concentration of 10 p g Chl mL-'. NaHC03 was added to a final concentration of 12.5 mM, and the rate of net O2 evolution was determined at a light intensity of either 78 or 680 pE m-'s-' and a temperature of 30OC.
RESULTS
Construction of Cyanobacterial Cell Lines Functionally
Complemented with E. coli ppc A restriction map of Synechococcus ppc is shown in Figure   la . By replacement of a portion of the coding region with a drug resistance-encoding cassette (Fig. lb) , it is possible to produce a selectable, interrupted copy of the gene. Simultaneous selection for the gene deletion event and functional complementation of cyanobacterial PEPCase-deficient mutants with the E. coli protein were achieved by transforming Synechococcus concurrently with the inactivating nonreplicating plasmid (Fig. lb) and the E. coli ppc (Sabe et al., 1984) carried on an E. colilSynechococcus shuttle vector pCB4 (Fig.  lc) . The E. coli ppc promoter region is functional in Synechococcus and drives the expression of the bacterial gene. Figure 2A shows Southern blot analysis of wild-type Synechococcus chromosomal DNA digested with HindIII and probed with cyanobacterial ppc. A single hybridizing fragment at 9.4 kb represents the only copy of this gene. DNA isolated from a merodiploid cell line produced by transformation of Synechococcus with the construct described in Fig Chromosomal DNA isolated from these cell lines, when digested with Hindlll, Southern blotted, and probed with cyanobacterial ppc, shows only the predicted 4.3-kb fragment expected for inactivated ppc (Fig. 2C) .
In separate experiments, merodiploid cell lines containing both wild-type and inactivated ppc copies (Fig. 2B) can also be made to segregate to homogeneous inactivated cyanobacterial ppc cell lines when transformed with E. coli ppc (Fig.  Ic) and again selected for growth on both spectinomycin and ampicillin. As shown in Figure 2D , the wild-type ppc 9.4-kb Hmdlll fragment is no longer present and only the inactivated 4.3-kb Hindlll fragment remains in the cyanobacterial genome. In these experiments, the stringency of the hybridization conditions does not result in the cyanobacterial ppc probe hybridizing with E. coli ppc. At lower hybridization stringency, the plasmid pCB4 containing the £. coli ppc can be detected (not shown).
PEPCase Activity of Cyanobacterial Cells Functionally Complemented with f. coli ppc
In vitro PEPCase activities of cell lines described in Figure  2 are shown in Table I . Wild-type Synechococcus cells (cell line A) and merodiploid Synechococcus cells where attempts to inactivate ppc failed (cell line B) can have similar levels of activity. The extent of variation of PEPCase activity, however, among merodiploid cell lines is much greater and is the result of varying numbers of copies of the intact ppc in the cyanobacterium. Cyanobacterial cell lines functionally complemented with E. coli ppc (cell line C) show an approximately 9-fold lower level of activity, which is increased approximately 35-fold by the addition of acetyl CoA, a known Figure 1c (lane D). After digestion with H/ndlll, agarose gel electrophoresis, and transfer to nitrocellulose, the DNA blots were probed with a BamHI fragment containing the entire Synechococcus ppc coding region. The positions and molecular size (kb) of the hybridizing DNA fragments are indicated.
Table I. In vitro PEPCase activity of Synechococcus 7942 wild-type cells (A), Synechococcus merodiploid transformants containing both inactivated and wild-type cyanobacterial ppc copies (B), and Synechococcus cells functionally complemented with E. coli PEPCase (C)
Data were collected from a number of experiments, where all values reported are the means ± so of duplicate determinations using representative enzyme preparations. Data collected from several independent experiments showed similar relationships. nd, Not determined.
activator of E. coli PEPCase (Izui et al., 1970) . Maximal rates of PEPCase activity in the complemented cell line, following full activation with saturating levels of acetyl COA, are 4 times wild-type levels of activity. As shown previously (Owttrim and Colman, 1986) , cyanobacterial PEPCase is not activated by acetyl COA (cell line A).
In situ PEPCase activity was measured in permeabilized cells after quantitative experiments were performed to confirm saturating levels of PEP and reaction time and cell concentrations under which the rates of HC0,-fixation are linear (data not shown). Because these assays were performed in the dark, rates of PEP-independent fixation (presumably the result of Rubisco activity) were routinely less than 5% of the PEP-dependent rate of HC03-fixation. 
Photosynthesis by Cyanobacterial Cells Functionally
Complemented with E. coli ppc
The rate of photosynthetic O2 evolution by Synechococcus functionally complemented with E. coli ppc (cell line C) is similar to wild-type Synechococcus (cell line A) when cell concentrations in the O2 electrode are normalized on the basis of Chl u and when measured at high light intensity (Table 111 ). Low light levels result in a 20% decline in the rate of photosynthesis of the complemented cells relative to the wild-type Synechococcus. This decrease is presumably the result of self-shading in the O2 electrode chamber by the higher number of cells needed to equalize Chl concentrations. A comparison of photosynthetic capacity of the two cell lines on the basis of cell number (equal A750 values) revealed that the photosynthetic rate is significantly lower for Synechococcus cells functionally complemented with E. coli ppc (cell line C) when measured at both high and low light intensities (Table 111) .
DISCUSSION
In a previous study of PEPCase in cyanobacteria, we were unable to isolate a cyanobacterium deficient in PEPCase activity (Luinenburg and Coleman, 1990) . Although cyanobacteria are known to possess multiple genome copies within a single cell (Doolittle, 1979; Golden et al., 1987) , genespecific inactivation in cyanobacteria has been successfully employed by several researchers (Golden et al., 1986 (Golden et al., , 1987 Williams, 1988) . This requires segregation of mutant genome copies using the selective pressure of the transferred drug resistance (Williams and Szalay, 1983) . Our inability to isolate cell lines containing a homogeneous population of inactivated ppc genes suggests that the gene is present as a single copy per genome and that its expression is essential for cyanobac- Table 111 . Photosynthetic rates of wild;type Synechococcus cells (A) and Synechococcus cells functionally complemented with E. coli PEPCase (C) 0.462 (C). Rates of net O, evolution were determined at two light intensities (680 and 78 pE m-2 s-') and are expressed on the basis of Chl or cell number (A750). The data shown were collected from one experiment, where all values reported are the means f SD of duplicate determinations performed on two representative cell samples. Data collected from several independent experiments showed similar relationshims.
teria1 survival. The interrupted TCA cycle is incapable of regenerating OAA without PEPCase activity, and the absence of this enzyme would prevent carbon replenishment of the pathway. Exogenous supply of some TCA cycle intermediates to this interrupted TCA cycle would not necessarily be capable of replenishing the cycle. In earlier studies, it was not possible to generate PEPCase-deficient mutants by nutritional complementation, presumably because of the inability of exogenously supplied molecules to enter the cells at sufficient rates (Luinenburg and Coleman, 1990) . The incomplete TCA cycle together with the limited ability to utilize exogenously supplied metabolites may dictate the essential nature of cyanobacterial PEPCase.
Using the E. coli gene encoding PEPCase, it is, however, possible to functionally complement the cyanobacterial PEPCase and allow segregation of the inactivated cyanobacterial ppc copies. This result provides further evidence for the essential nature of the protein and has allowed us to examine the phenotype of those cells with modified levels of PEPCase activity. In vitro PEPCase activity is much reduced in Synechococcus cells functionally complemented with E. coli ppc, but it is markedly improved in the presence of acetyl COA, a potent activator of E. coli PEPCase (Izui et al., 1970) . It would appear that the presence of an activator is essential for significant PEPCase activity. It is possible that the removal of endogenous cyanobacterial metabolites, such as acetyl COA and/or other positive effectors, from effector binding sites on the enzyme during French press disruption of the cells and/or dilution of these activators is responsible for the reduced in vitro activity of the bacterial PEPCase. Although acetyl COA is a strong activator of E. coli PEPCase, other potential activators include fructose 6-P, fructose 1,6-bisP, and some fatty acids (Nishikido et al., 1968; Izui et al., 1970; Smith et al., 1980) . Given the number of potential effectors of the bacterial PEPCase and the low in vitro activities in the absence of exogenous acetyl COA, it is difficult to establish the activation state of the bacterial enzyme when it is present in the cyanobacterium. A comparison of in vitro and in situ PEPCase activity in the two cell lines, and the differing stimulatory effect of acetyl COA addition to those cells expressing the E. coli enzyme, suggests that some activation of the bacterial protein is occurring in Synechococcus. The use of cells made rapidly permeable in a small volume for in situ PEPCase assays would appear to have maintained the enzyme in a state more easily activated than that in cells utilized for in vitro assays, and this may give a more accurate representation of the difference in cellular PEPCase activity between the wild-type and E. coli ppc-complemented cell lines. On this basis, we would suggest that maximal PEPCase activity in the complemented Synechococcus cells is approximately 50% of the wild-type rate. Our observation of a commensurate 50% reduction in the rate of NH,+-stimulated, dark carbon fixation by the complemented cells also adds support to our estimation of a significant decline in PEPCase capacity (unpublished data).
Reduced levels of PEPCase activity in the functionally complemented cyanobacterial cells affect a number of physiological and biochemical parameters. The decline in growth rates of cells with reduced PEPCase levels compared to wildtype cells is best observed at low cell densities where light and COz availability are not limiting. It is under these conditions that the impaired activity of the incomplete TCA pathway may significantly limit the biosynthetic capacity of the complemented cells and, thus, decrease the growth rate.
In addition to a reduction in growth rate, the lowered PEPCase activity manifests itself in a 30% decline in the leve1 of Chl a. The most direct effect of reduced Chl levels is a decline in the photosynthetic capacity per cell. This is particularly evident at low light intensity, where the photosynthetic rate of the complemented cell line is approximately 60% of the wild-type cells. The similar rates of photosynthesis, when measured at high light and expressed on a Chl basis, suggest that photosynthetic capacity per unit Chl is not affected by the reduction in PEPCase activity and that the amount of Chl a is the limiting factor. As such, the reduction of Chl a per cell does not appear to have an obvious impact on the other components of photosynthesis.
Chl and phycobilin biosynthesis both require tetrapyrroles, which are synthesized from TCA cycle intermediates. Because there is some commonality of biosynthetic pathways for both pigments, it is surprising that the decline in Chl u levels is not paralleled by a decline in phycobiliprotein levels. It may be that if the supply of TCA cycle intermediates is limiting, competition for tetrapyrrole precursors could favor the synthesis of one pigment system over the other. It will be interesting to determine if the decline in Chl a concentration has altered the ratio of PSI/PSII activity in the complemented cells.
This research demonstrates the usefulness of expression of foreign proteins in cyanobacteria as a means of examining the function of specific biosynthetic pathways. A genetic approach is particularly relevant where elimination of the native enzyme is a lethal event. We are now using the E. coli ppc-expressing Synechococcus in an examination of the relationship between PEPCase activity, nitrogen assimilation, and amino acid biosynthesis.
